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Ankyrin-Based Subcellular Gradient of Neurofascin,
an Immunoglobulin Family Protein, Directs GABAergic
Innervation at Purkinje Axon Initial Segment
ments (spine, dendrite, soma, and AIS) of pyramidal
neurons are also selectively innervated by specific types
of GABAergic interneurons (reviewed in Freund and Buz-
saki [1996]; Somogyi et al., 1998). Subcellular domain-
restricted GABAergic innervation and transmission may
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contribute to differential regulation of the input, integra-2 Department of Cell Biology and Biochemistry
tion, and output within a pyramidal cell (Miles et al., 1996;Howard Hughes Medical Institute
Pouille and Scanziani, 2004) as well as the temporalDuke University Medical Center
synchrony of activity among large numbers of pyramidalDurham, North Carolina 27710
neurons within a population (Cobb et al., 1995; Klaus-
berger et al., 2003). The cellular and molecular mecha-
nisms underlying the subcellular organization of synap-Summary
tic connections are entirely unknown.
Subcellular synapse targeting is an important stepDistinct classes of GABAergic synapses are segre-
during neuronal circuit formation, preceded by a largelygated into subcellular domains (i.e., dendrite, soma,
genetically determined axon guidance process (Tessier-and axon initial segment-AIS), thereby differentially
Lavigne and Goodman, 1996) and followed by synapseregulating the input, integration, and output of princi-
formation and experience-driven synapse refinementpal neurons. In cerebellum, for example, basket
(Katz and Shatz, 1996). Until recently, it is not obviousinterneurons make exquisitely precise “pinceau syn-
whether and how subcellular synapse targeting mightapses” on AIS of Purkinje neurons, but the underlying
be controlled by genetic programs, neuronal activity,mechanism is unknown. Using BAC transgenic re-
and/or experience. Experience-dependent refinementporter mice, we found that basket axons always con-
has been implicated in the subcellular restriction of in-tacted Purkinje soma before innervating AIS. This syn-
hibitory inputs onto medial superior olivary neurons inapse targeting process followed the establishment of
the auditory pathway of gerbils (Kapfer et al., 2002). Thisa subcellular gradient of neurofascin186 (NF186), an
subcellular synapse pruning mechanism likely representsL1 family immunoglobulin cell adhesion molecule
a highly specific adaptation to the detection of interaural(L1CAM), along the Purkinje AIS-soma axis. This gradi-
time differences in species with high-frequency soundent was dependent on ankyrinG, an AIS-restricted
hearing (Kapfer et al., 2002). It is not clear whether amembrane adaptor protein that recruits NF186. In the
similar mechanism applies to synapse targeting in otherabsence of neurofascin gradient, basket axons lost
brain regions and circuits, such as local GABAergic cir-directional growth along Purkinje neurons and pre-
cuits. Indeed, subcellular segregation of GABAergiccisely followed NF186 to ectopic locations. Disruption
synapses onto pyramidal neurons in the neocortex hasof NF186-ankyrinG interactions at AIS reduced
recently been demonstrated to be independent of expe-pinceau synapse formation. These results implicate
rience and thalamic input (Di Cristo et al., 2004), sug-ankyrin-based localization of L1CAMs in subcellular
gesting a largely genetically determined mechanism.organization of GABAergic synapses.
Molecular mechanisms, such as cell adhesion mole-
cules, that contribute to subcellular synapse targetingIntroduction
might have the following properties. First, they should
be localized to appropriate subcellular membrane com-
The appropriate wiring of diverse neuronal cell types
partments during the process of synapse targeting. Sec-
into stereotyped local circuits forms the basis to gener-
ond, disruption of such cell adhesion molecules results
ate and transmit elementary patterns of neuronal activity in reduction and/or mistargeting of presynaptic termi-
in the central nervous system. During the assembly of nals and synapses. Third, these cell adhesion molecules
neuronal circuits, presynaptic inputs from defined cell might be common to large projection neurons in the
types are not only connected to specific classes of post- brain, such as pyramidal neurons in neocortex, hippo-
synaptic neurons but often are further targeted to re- campus, and Purkinje neurons in cerebellum. Members
stricted subcellular compartments. Such subcellular syn- of the L1 cell adhesion molecules (L1CAM) of the immu-
apse targeting is especially prominent in large projection noglobulin superfamily (Brummendorf et al., 1998) have
neurons of vertebrates (Freund and Buzsaki, 1996; So- been shown to concentrate at axon initial segments of
mogyi et al., 1998), which show distinct cell polarity, Purkinje neurons (Davis et al., 1996), but their role in
directionality in their conduction and transmission of subcellular synapse targeting has not been explored.
electrical signals, and extensive subcellular specializa- Purkinje neurons, the sole output from cerebellar cor-
tion. For example, neocortical pyramidal neurons re- tex, receive two sets of inhibitory GABAergic inputs from
ceive the vast majority of excitatory inputs onto their basket and stellate interneurons (reviewed in Bayer and
dendritic spines, generate action potential at axon initial Altman [1987]). The stellate cells selectively innervate
segment (AIS), and transmit spiking signals at their pre- Purkinje dendrites and spines. The basket cells, first
synaptic terminals. These distinct subcellular compart- discovered by Ramon y Cajal (1911), project highly spe-
cific and exuberent axon terminals at Purkinje axon ini-
tial segment, forming the so-called pinceau synapses*Correspondence: huangj@cshl.edu
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Figure 1. Development of GABAergic Innervation at AIS of Purkinje Cells
(A) Scheme of GAD67-GFP BAC engineering. Long black lines, GAD67 BAC clones. Shaded boxes, GAD67 coding region/exons; open boxes,
GAD67 noncoding exons. Sequences coding for EGFP and polyadenylation signal (pA) were inserted at the translation initiation site. See
Experimental Procedures.
Neurofascin and GABAergic Synapse Targeting
259
(which resemble a paint brush). The developmental pro- regions of the mouse GAD67 gene (Figure 1A) and gener-
ated transgenic mice (see Experimental Procedures,cess of basket axon subcellular targeting and pinceau
synapse formation is largely uncharacterized, and the and see Supplemental Data at http://www.cell.com/cgi/
content/full/119/2/257/DC1/).underlying molecular mechanism is unknown.
Using GABAergic cell type-specific promoters and bac- In one of the GAD67-GFP transgenic lines, G42, GFP
expression in cerebellum was detected as early as P0terial artificial chromosome engineering (BAC; Heintz et
al., 2001), we have generated BAC transgenic mice, (postnatal day zero) and continued into adulthood. At
P7–P9, interneuron progenitors in cerebellar WM werewhich label Purkinje cells and basket interneurons with
GFP at synaptic resolution and throughout cerebellar well labeled with GFP and were migrating toward and
across the PCL. They had very simple bipolar shape,development. Here we characterized the cellular pro-
cess of basket interneuron synapse targeting to Purkinje with no indication of neurite-like processes (Figure 1D).
Purkinje cells, on the other hand, expressed very lowAIS. Furthermore, we provide evidence for the involve-
ment of neurofascin, an L1CAM, and its underlying an- levels of GFP at this stage but could be visualized with
calbindin immunofluoresence (Figures 1B and 1D). AtkyrinG membrane skeleton in directing basket axon sub-
cellular targeting and pinceau synapse formation along P8, many basket interneurons reached or crossed PCL
and started extending their axons, which always ranPurkinje neurons.
horizontally above PCL (Figure 1E). Basket axons then
extended branches toward Purkinje cell soma and pos-Results
sibly the tiny dendrites protruding from soma but not
directly toward AIS (Figures 1D and 1E).Development of Synaptic Innervation at Purkinje
Cell Axon Initial Segment The onset of GAD65 expression, another isoform of
the glutamic acid decarboxylase, has been shown toThe progenitors of cerebellar interneurons most likely
originate in the germinal zone at the base of the cerebel- coincide with synaptogenesis in cerebellum (Greif et
al., 1991). In addition, GAD65 is localized to GABAergiclum in the roof of the fourth ventricle (Zhang and Goldman,
1996). They then migrate through white matter (WM) dur- presynaptic boutons (Esclapez et al., 1994) and indeed
colocalized with synapsin-1 in basket axon terminals ating the first few postnatal days, pass across the Purkinje
cell layer (PCL) at the end of the first postnatal week, pinceau synapses (see Supplemental Figure S1 on the
Cell web site). We therefore used GAD65 immunofluo-and enter the molecular layer before differentiating into
basket and stellate interneurons. The subsequent pro- rescence to detect the presence of GABAergic synapses
along basket axons. Few GAD65 puncta were detectedcesses of interneuron axonal growth, subcellular syn-
apse targeting, and synapse formation have not been along GFP-labeled basket axons at P9 (data not shown).
At P12, GFP-labeled basket axons wrapped around Pur-described due to the lack of specific and high-resolution
morphological markers. kinje soma and had already reached AIS as thin termi-
nals (Figure 1G). Most of the GAD65 puncta were foundWe used GABAergic cell type-specific transcription
promoters and BAC transgenic mice to label cerebellar around Purkinje cell soma (arrowheads, Figure 1F) and
only a few at AIS (arrows, Figure 1F). At P14, more basketinterneurons at synaptic resolution and throughout de-
velopment. The expression of the gene coding for the terminals arrived at AIS (Figure 1I), where GAD65 puncta
also started to accumulate in significant numbersGABA synthetic enzyme glutamic acid decarboxylase
(GAD67) begins in cerebellar interneuron progenitors (arrows, Figure 1H). Basket axon terminals subsequently
extended numerous local branches at AIS between P16and persists into adulthood. GAD67 is also expressed
in Purkinje neurons, which are GABAergic projection and P18, when a heavy concentration of GAD65 in these
terminals formed a cone-shaped structure (Figures 1Jneurons. Using homologous recombination-based BAC
engineering, we inserted EGFP cDNA and a polyadenyl- and 1K), which was named pinceau synapse nearly a cen-
tury ago (Ramon y Cajal, 1911). From P21 to adulthood,ation signal at the translation initiation site in a BAC
clone containing the entire coding and large regulatory pinceau synapses matured further, recruiting even more
(B) Migration and maturation of cerebellar interneurons. (Left panel) Schematic representation of a sagittal section of the cerebellum. Green
arrows, pathways of interneuron migration from white matter (WM) to molecular layer (ML). Red dots, Purkinje soma and layer (PCL). (Right
panel) Picture of one folium of cerebellum at P9. Purkinje cells are labeled with calbindin antibody (red) and interneurons with GFP using G42
mice. White arrows, migration path of interneurons toward ML. Yellow arrows, interneurons that already reached ML at this age.
(C) A schematic based on our results, summarizing the maturation of basket interneurons (Bt, green) and the formation of pinceau synapses
at Purkinje (red) axon initial segment (AIS). GCL, granule cell layer; St, stellate interneurons. The left three images show cerebellar interneurons
at different stages of development: migration in WM (bottom), basket cells reaching PCL (middle, Purkinje cell in red), and migration of stellate
cells in ML (top). Scale bars, 20 m in (B1) and 10 m in (B2).
(D) At P9, basket interneurons (e.g., cell 2) have reached PCL and started to extend axons toward Purkinje cells (red). Cell 1, a migrating
interneuron with simple morphology; cell 3, a Golgi cell. Note that Purkinje dendrites are tiny at this age.
(E) Higher-magnification image showing a basket cell (Bt) that is extending its axons (arrowheads) around a Purkinje soma but has not yet
reached AIS (arrows). Scale bars, 10 m.
(F–N) Development of pinceau synapses. Stars, Purkinje soma. Arrowheads, either basket axons (G, I, K, M, and N2) or GAD65-positive basket
boutons (F, H, J, L, and N1) around Purkinje soma. Arrows indicate either basket axon terminals (G, I, K, M, and N2) or GAD65-positive basket
boutons (F and H) and pinceau synapses (J, L, and N1) at Purking AIS. During the first two postnatal weeks in G42 mice, GFP expression
levels in neighboring Purkinje cells in the same folium were not homogenous. We selected low GFP-expressing Purking soma to reveal the
presence of basket axons around them (G, I, and K) and high-GFP-expressing soma to reveal the presence of basket synaptic boutons (F,
H, and J). After the third week, most Purkinje cells expressed a high level of GFP. Details in text. Scale bars, 10 m.
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exuberant basket terminals with the additional increase and 2E). NF186 immunofluorescence was consistently
high at AIS and the bottom part of Purkinje soma butof GAD65 (Figures 1L–1N; also see Figure 5A). In mature
rodent cerebellar cortex, a single basket cell innervates decreased significantly toward the dorsal portion of
soma. During postnatal development, NF186 can be de-up to ten Purkinje cells that are hundreds of microns
apart, and a single AIS receives inputs from five to seven tected on AIS at low levels as early as P2 (Jenkins and
Bennett, 2001). Importantly, when basket axons beganbasket cells (Palay and Palay, 1974; also includes a
detailed description of mature pinceau synapse). to contact Purkinje soma at P8, NF186 had already occu-
pied the full length of AIS and formed a prominent de-Therefore, the development of GABAergic innervation
at Purkinje AIS was a prolonged process, which began creasing gradient toward soma (Figures 2G and 2I). This
NF186 gradient persisted at P14 and onward (Figuresduring the second postnatal week and continued well
into the fourth week. The initial contacts from basket 2J–2M). Therefore, the onset of NF186 localization to
Purkinje AIS preceded GABAergic innervation, and thecell axons to Purkinje cells were made predominantly
onto Purkinje soma instead of directly onto AIS, consis- establishment of a NF186 gradient correlated well with
the extension of basket terminals from soma to AIStent with an earlier observation using GAT1 antibody
(Rosina et al., 1999). Basket axon terminals then ex- and the formation and maturation of pinceau synapses
(Figures 1 and 2).tended selectively toward the bottom part of the Purkinje
soma but not dendrites, reached AIS by P12, and elabo- The membrane adaptor protein ankyrinG has been
shown to coordinate the assembly of a protein complexrated increasingly exuberant terminal branches around
AIS. Sparse synapses appeared shortly after basket ter- containing L1CAMs, voltage-gated sodium channels,
and the spectrin membrane skeleton at axon initial seg-minal extension and matured into pinceau synapses dur-
ing the third postnatal week (summarized in Figure 1C). ments (Jenkins and Bennett, 2001). Indeed, ankyrinG is
the earliest molecule known to accumulate at Purkinje
AIS (Jenkins and Bennett, 2001) and is prominently ex-Establishment of an AnkyrinG-Dependent
Subcellular Gradient of Neurofascin186 pressed by P8 (Figure 2H). Since ankyrinG is exclusive
to AIS while NF186 is distributed as a gradient, thisalong Purkinje AIS-Soma Correlates
with GABAergic Innervation at AIS suggests the presence of at least two forms of NF186
on Purkinje neurons—the ankyrinG-associated form atThe unambiguous directionality of basket axon exten-
sion along Purkinje neurons suggests the presence of AIS and the ankyrin-free form on the soma. In mice
deficient in a Purkinje cell-specific splice variant of an-molecular cues on the Purkinje cell surface. It is reason-
able to hypothesize that a component of such cues, kyrinG (ankG480), the localization of NF186 in Purkinje
neurons was disrupted (Jenkins and Bennett, 2001). Wesuch as a cell adhesion molecule, should be localized
to AIS during basket axon targeting and synapse forma- have further quantified the subcellular distribution of
NF186 in ankyrinG-deficient Purkinje neurons and foundtion. To date, the only class of cell adhesion molecules
shown to localize to neuronal AIS is a member of the a complete absence of subcellular gradient along AIS-
soma (Figures 2C, 2D, and 2F). Indeed, NF186 was notL1 immunoglobulin family—an alternatively spliced form
of neurofascin concentrated at AIS of cerebellar Purkinje only rather uniformly distributed along AIS-soma but
often extended far more distally to highly variableneurons (Davis et al., 1996). To test a potential role of
neurofascin186 (NF186) in directing basket interneuron lengths among different Purkinje cells (Figures 2C2 and
2D2; quantified in Figures 4E and 4F). In some Purkinjeaxons to Purkinje AIS, we further characterized the pre-
cise spatial and temporal localization of NF186 during axons of ankyrinG/ mice, the lengths of NF186 distri-
bution were more than six times (over 80 m) the lengththe process of pinceau synapse formation. In addition
to confirming the highly restricted localization of neuro- of those in wild-type mice (Figures 4D–4F). More impor-
tantly, these effects on neurofascin gradient and distri-fascin in mature Purkinje cells (Davis et al., 1996), we
noticed a prominent subcellular gradient of NF186 along bution were observed not only in mature Purkinje cells
but also during the process of basket terminal extensionthe Purkinje AIS-soma-dendritic axis (Figures 2A, 2B,
Figure 2. An AnkyrinG-Dependent Subcellular Gradient of Neurofascin186 along Purkinje AIS-Soma Axis
(A and B) Double labeling of Purkinje neurons with Calb (A1 and B1) and neurofascin (NF186) (A2 and B2) in wild-type (WT) mouse. Arrowheads,
NF186 expression on Purkinje soma; arrows, NF186 along Purkinje AIS.
(C and D) In ankyrinG/ mice, NF186 was uniformly distributed on both soma and axon. Note extended and ectopic NF186 distribution along
distal Purkinje axons. Brackets indicate the length of AIS in WT Purkinje cells. Scale bars, 10 m.
(E and F) Pixel intensity value of NF186 immunofluorescence along the Purkinje AIS-soma (see Experimental Procedures for quantification)
in wild-type (E) and ankyrinG/ mice (F). Each color line represents values from a single Purkinje cell. Note that, in WT, no NF186 expression
was detected beyond AIS of Purkinje axon.
(G and H) In P8 G42 mice, while ankyrinG is localized only to Purkinje axon (arrow in H), NF186 (G) has already formed a decreasing gradient
from axon (arrow) to soma (arrowhead). Purkinje AIS is free of basket cell contacts (GFP labeled). Basket cells that have just reached the
molecular layer (G2 and H2) extend neurites along the soma of Purkinje cells. Schematics of a selected pair of basket (Bt) and Purkinje (Pj)
cells are shown in (G3) and (H3). NF186 or ankyrinG is represented in red. Scale bars, 10 m.
(I) Pixel intensity value of NF186 immunofluorescence along the Purkinje AIS-soma-dendrite axis at P8. Red trace represents the Purkinje cell
shown at the bottom.
(J–Q) NF186 expression at four stages during pinceau synapse formation in heterogyzote (J–M) and ankyrinG/ mice (N–Q). NF186 expression
in heterozygotes was indistinguishable from that in wild-type mice (data not shown). Arrowheads, NF186 expression on cell soma; arrow,
NF186 along Purkinje axons. Brackets indicate the length on proximal Purkinje axons equal to that of a mature AIS, estimated by the length
of ankyrinG expression at AIS in P21 WT animals. Scale bars, 10 m.
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Figure 3. Aberrant and Mistargeted Basket Interneuron Axons along AnkyrinG-Deficient Purkinje Neurons
(A) In mature heterozygous control mice, basket axons labeled by HCN1 (red) completely surround each Purkinje soma (arrowheads, calbindin
antibody in green) and AIS (double arrows). (B–D) In ankyrinG/ littermates, basket axons around Purkinje cells showed abberant shape and
variable length within the same folium; they do not surround Purkinje soma (arrowheads), are thin around Purkinje axons, and extend far more
distally than the normal length of AIS (arrows). (E1 and E2) Higher-magnification view of basket axons from a single focal plane of (D). Basket
axon bundles around different Purkinje cells frequently fuse together and branch abnormally (blue arrow in [D], [E], and [F]). These defects
are maintained in adult mutant mice ([F], P40). (G and H) Higher-magnification view of basket axons around Purkinje soma (labeled with
calbindin [green] and marked with star). In WT mice (G), basket axons extend from Purkinje soma toward AIS with straight and clear trajectories.
In ankyrinG/ mice (H), basket axons are scrambled around Purkinje soma and have lost their direction of growth from soma to AIS, even
though some axons still reach AIS. Scale bars, 20 m in (A)–(F) and 10 m in (G) and (H).
and pinceau synapse formation from P14 to P21 (Figures of ankyrinG/::G42 compound mutants to visualize
2N–2Q; compare Figures 2L and 2P). basket axon terminals.
In P21 cerebellum, basket terminals almost com-
pletely surrounded Purkinje soma, extended exuberantAberrant and Mistarged Basket Interneuron Axons
terminal branches toward AIS, and formed a cone-along Purkinje Neurons in the Absence
shaped structure around AIS (Figure 3A). The distal tipof Neurofascin Gradient
of the basket terminal corresponded exactly to the endThe neurofascin gradient along Purkinje cells could, in
of neurofascin localization (Figure 4A). Basket terminalsprincipal, direct the initial contact of basket axons at
took highly distinct morphology, with a very consistentPurkinje cell soma/dendrite toward AIS. To test this hy-
cone length and shape in wild-type and heterozygotepothesis, we examined basket cell innervation of Pur-
mice (14.03 2.1 m; n 40). More importantly, basketkinje AIS in ankyrinG/ mice.
axon bundles showed clear and straight trajectory,Cerebellar basket cell axon terminals can also be well
coursing around Purkinje soma directly toward AIS (Fig-labeled with antibodies to the cation channel HCN1 and
ure 3G). In ankyrinG/ littermates, however, basket ax-the calcium binding protein parvalbumin. Indeed, HCN1
ons were scrambled, wandered around Purkinje soma,and parvalbumin signals around Purkinje soma and AIS
and lost directional growth toward AIS (Figure 3H). Acompletely overlapped with those of GFP in our G42
significant fraction of basket axon bundles nonethelessmice (Supplemental Figure S1). In some experiments,
HCN1 immunofluoresence circumvented the generation reached Purkinje AIS but was significantly reduced in
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Figure 4. Mistargeted Basket Interneuron
Axons Precisely Follow the Ectopic Localiza-
tion of Neurofascin along AnkyrinG/ Pur-
kinje Neurons
(A1–A3) In mature (P21) heterozygous control
mice, the distal extent of basket axon inner-
vation at Purkinje AIS visualized by parval-
bunin (green signal indicated by arrows below
Purkinje soma in [A1] and [A3]) perfectly cor-
relates with NF186 localization (red in [A2]
and [A3]). Purkinje soma (stars and outlined
by dots in [A1], [B1], and [C1]) is also labeled
by Pv antibody. In ankyrinG/ littermates, in-
nervation of Purkinje axons by basket inter-
neurons are highly variable (B1 and C1). The
length of innervation of the Purkinje axon in
(B) is more than twice that of the Purkinje
axon in (C), yet, in each case, the distal extent
of the mistargeted basket axons perfectly fol-
low the ectopic NF186 localization along the
Purkinje axon (arrows in [B1]–[B3] and [C1]–
[C3]). Note that NF186-labeled Purkinje axon
is very thin, and surrounding Pv-positive green
signals can only come from basket axon ter-
minals (D and E). Correlation plot analysis
between basket cell axon and NF186 localiza-
tion along Purkinje axon show a near perfect
match in both WT (D) and ankyrinG/ (E) mice
(correlation coefficients  0.99 in both). Note
that, in ankyrinG/ mice, this correlation re-
mained even in cases in which NF186 and
basket axons extended six times the length
along Purkinje axons than those in WT mice.
(F) Statistic analysis of length of basket inter-
neuron innervation, NF186, and AnkyrinG lo-
calization along Purkinje axons in WT and
ankyrinG/ mice (except no ankyrinG local-
ization in ankyrinG/ mice). The lengths of
basket axon innervation and NF186 localiza-
tion were significantly different in WT from
those in ankyrinG/ mice (*, n  40 and
p  0.0005).
size, highly variable in shape (Figures 3B–3D), and valbumin monoclonal antibody was used to visualize
basket terminals along with NF186 (Figure 4).branched abnormally (Figure 3E). In some cases, basket
terminals from neighboring Purkinje cells seemed to
fuse together and even pass across each other (Figures Severely Reduced Pinceau Synapse Formation
3D–3F, blue arrows). Basket terminals around Purkinje along AnkyrinG-Deficient Purkinje Axons
axons were not only much thinner but also extended far We used GAD65 immunofluorescence to examine
beyond AIS with highly variable lengths among different whether the mistargeted basket terminals still formed
Purkinje cells (35.9  17.8 m; n  40). These defects synapses with ankyrinG/ Purkinje cells. In wild-type
persisted into adulthood (P40, Figure 3F). Importantly, mice, GAD65 surrounded Purkinje soma and AIS, also
the distal ends of these aberrant and the mistargeted forming a cone-shaped structure (Figure 5A). The distal
basket terminals precisely followed the ectopic localiza- tip of GAD65 labeling on Purkinje AIS again matched
tion of NF186 along Purkinje axons on a cell-by-cell perfectly with the end of neurofascin localization (Figure
basis. In some cases, basket axons followed NF186 over 5E). GAD65 signal around Purkinje soma was thinner
80 m, more than six times the length in wild-type mice and more sparse compared to that of HCN1 (Figure
(Figures 4B and 4C; quantified in Figures 4D, 4E, and 3A), reflecting the lower density of GABAergic boutons.
4F; n  40 cells). This result was well reflected in a AnkyrinG/ Purkinje neurons showed greatly dimin-
correlation analysis, which gave a near-perfect correla- ished and abnormal pinceau synapses (Figures 5B–5D
tion coefficient of 0.99 (Figures 4D and 4E). These data and 5F; P21 and P40). GAD65 signal along Purkinje ax-
strongly suggest that NF186 on Purkinje cells serves as ons ranged from scattered, sparse with highly variable
a substrate for basket axon growth, and a subcellular length and density, to near absence (Figures 5F–5H and
NF186 gradient may further provide a directional cue quantified in Figure 7F). Purkinje somata were also fre-
quently “bald,” almost devoid of GAD65 labeling. It isfrom soma to AIS. Due to antibody compatibility, a par-
Cell
264
Figure 5. Reduced and Aberrant Pinceau Synapse Formation in the Absence of Neurofascin Gradient and AnkyrinG
(A) In wild-type mice, Purkinje cells (labeled with calbindin antibody in green) are innervated by basket interneurons at soma (labeled with
GAD65 antibody in red, arrowheads) and AIS (double arrows, pinceau synapses). GAD65 labeling in granule cell layers (GCL) represents
GABAergic synapses onto granule cells. (B and C) In ankyrinG/ mice, GAD65 labeling at Purkinje AIS is dramatically reduced, and AISs are
no longer covered by pinceau synapses (arrows). On the other hand, GAD65 labeling in GCL and molecular layer are normal. (D) These defects
in basket innervation of Purkinje cells persist and become more severe in adult ankyrinG/ mice. Scattered GAD65 signals are found at
ectopic, more distal portions of Purkinje axons (arrows). (E). In wild-type mice at P21, the distal end of pinceau synapses revealed by GAD65
(red and double arrows) perfectly correlates with NF186 localization (green). GAD65 signals are sparse on dorsal part of Purkinje soma, where
NF186 level is low. In ankyrinG/ Purkinje cells (F–H), GAD65 signal around soma (arrowhead) and axons (arrows) is very sparse and scattered,
even though NF186 is uniformly distributed on the soma and axon membrane. (I) In WT mice, pinceau synapses labeled with GAD65 ([I2]–[I3],
blue arrows) perfectly colocalized with basket axons (labeled by GFP in G42 mice, arrows in [I1] and [I3]). In ankyrinG/ mice (K), while basket
axons (HCN1 in green, arrows in [K1]) are present along Purkinje axons (not labeled, Purkinje soma indicated by a star), GAD65 signal is
hardly detectable in these basket axons (K2 and K3). Scale bars, 10 m. Representative images in each genotypes at P21 are quantified in
(J)–(L) (see Experimental Procedures for details). These data are represented in a schematic at their right. Scale bars, 10m.
possible that even some of the remaining GAD65 signals and synapses with GAD65 (Figures 5K1–5K3 and 5L)
further revealed that the dramatic reduction of basketon Purkinje soma and axons came from collaterals of
other Purkinje axons (Palay and Palay, 1974) rather than synapses on Purkinje axons was not due to an equally
dramatic reduction of basket axons. In fact, basket ax-basket axons. This greatly reduced GAD65 localization
along Purkinje axons was not due to a general decrease ons were always present along every Purkinje axon,
although thinner and mistargeted to ectopic and distalof GAD65 levels in ankyrinG/ mice, since there was
no change in GAD65 expression in the molecular layer locations (also see Figures 3B–3F). Therefore, the greatly
reduced pinceau synapse formation is a phenotype re-and granule cell layer in the same tissue section (Figures
5A and 5B; Figures 6B2 and 6D2). lated to but distinct from that of the mistargeting of
basket axons in ankyrinG/mice. These results suggestSimultaneous visualization of basket axons with HCN1
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Figure 6. Normal Morphology, Polarity, and
Dendritic Innervation of Purkinje Cell in
ankyrinG/ Mice
(A1–A3) In wild-type mice, Purkinje cell den-
drites (arrowheads) but not axons (arrows)
labeled by calbindin (green) are also positive
for the generic dendritic marker MAP2 (red).
(B1–B3) Purkinje dendritic shafts are inner-
vated by GABAergic boutons positive for
GAD65 (red). (C1–C3) In ankyrinG/ mice, the
morphology and polarity of Purkinje cells are
normal and indistinguishable from those of
wild-type mice. Purkinje dendrites (arrow-
heads) but not axons (arrows) are positive
for MAP2. Note that the thin MAP2-positive
dendritic branch (bottow yellow arrow in [C2])
is distinct from the nearby Purkinje axon indi-
cated by the arrows (C3). GABAergic innerva-
tion of Purkinje dendrites assayed by GAD65
labeling is normal in AnkyrinG/ mice (D1–
D3). Yellow arrows point at dendritic branches
from Golgi interneuron. Scale bars, 20 m in
(A1) and (C1) and 10 m in (B1) and (D1).
that ectopic localization of NF186 in the absence of peared normal (Figures 6B2, 6B3, 6D2, and 6D3). It is
thus unlikely that the defects in basket axon growthunderlying ankyrinG membrane adaptors, although po-
tent in supporting basket axon growth, was not sufficient and pinceau synapse formation resulted from abnormal
Purkinje cell morphology and polarity.for pinceau synapse formation/stabilization. It is thus
possible that the ankyrin-free and ankyrin-associated It is possible that ankyrinG may recruit a mechanism
in addition to NF186 to direct basket axon targeting andforms of NF186 may differentially promote basket cell
axon extension and synapse formation (see Discussion). pinceau synapse formation in Purkinje neurons. In this
regard, we discovered that, in mice deficient in the tyro-The morphology and polarity of Purkinje cell in
ankyrinG/ mice during the period of cerebellar circuit sine kinase fyn, the subcellular gradient of NF186 along
the Purkinje cell was disrupted, while ankyrinG localiza-formation were indistinguishable from those in wild-
types. The axons were properly oriented with normal tion to AIS was intact. Interestingly, basket cell again
precisely followed neurofascin distribution, and pinceaudiameters (Figures 6A1–6A3 and 6C1–6C3). The den-
dritic trees and spines were normal in appearance (Fig- synapse formation was abnormal (Supplemental Figure
3; F.A. and Z.J.H., unpublished data). Although theures 6B1 and 6D1). In addition, GABAergic innervation
onto Purkinje dendrites visualized by GAD65 also ap- mechanism by which Fyn regulates neurofascin distribu-
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Figure 7. Expression of a Dominant-Negative Form of Neurofascin186 Greatly Reduced Pinceau Synapse Formation
Adeno-associated virus (AAV) expressing either a dominant-negative form of NF186 (A–D) or GFP (G and H) was injected in the cerebellum
at P3 (depicted in [E]) and analyzed at P21. (A1) NF(EC)-GFP was localized in axon (arrowheads), soma (star), and punctate pattern in
dendrites (arrow) of Purkinje cells. AnkyrinG (red indicated by arrow heads in [A2] and [A3]) is perfectly localized to AIS. (B) Endogenous
NF186 level along Purkinje AIS (red in [B2] and [B3]) was reduced (see text), but its subcellular gradient was still apparent. Ectopic localization
in dendrites (blue arrowhead) suggests displacement of NF186 by NF(EC)-GFP (green). (C) Basket axon bundles around NF(EC)-GFP-
infected Purkinje cell AIS (arrowheads) appear intact as assayed by HCN1 (red and arrowheads). (D) Pinceau synapse formation (GAD65 signal
indicated by arrowheads) was dramatically reduced in a NF(EC)-GFP-infected Purkinje cell (green) compared to a neighboring control cell
(star; quantification presented in [F]). The GAD65 signal to the left of the green axon likely came from a Golgi cell (blue arrowhead). In AAV-
GFP-infected Purkinje cells (green in [G] and [H]), ankyrinG (red, arrowheads in [G2] and [G3]) localization is normal, and pinceau synapse
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tion and its ankyrin association is at present unclear, on Purkinje proximal dendrites (blue arrowhead in Fig-
ures 7B2 and 7B3), suggesting their displacement bythese results lend further support for a role of NF186 in
basket axon extension. NF-EC-GFP from soma and AIS. On NF(EC)-GFP in-
fected Purkinje neurons, basket axons, as revealed by
HCN1 labeling, surrounded soma, reached AIS, andA Dominant-Negative Form of NF186 Disrupts
ended with normal length at the distal tip of ankyrinGPinceau Synapse Formation
and NF186 localization. The cone-shaped axon bundlesTwo major alternatively spliced forms of neurofascin
appeared largely intact (Figure 7C). This was not surpris-are expressed in mouse brain, with NF186 in projection
ing, since the level and gradient of the ankyrin-free formneurons and NF155 mainly in glia cells. Neurofascin
of NF186 was only mildly affected by NF(EC)-GFP, andgene knockout mice die at P6 (P. Brophy, personal com-
the onset of AAV-NF(EC)-GFP expression was rela-munication), thus precluding the analysis of GABAergic
tively late. However, pinceau synapse formation wassynapse development in cerebellum. To demonstrate a
greatly reduced, in fact to the same extent as that indirect role of NF186 in synapse targeting in Purkinje
ankyrinG/ mice (Figure 7D; quantified in Figure 7F).neurons, we took a dominant-negative approach de-
Figure 7D shows a striking case where GAD65 was es-signed specifically to disrupt the ankyrin-associated
sentially absent at the infected Purkinje AIS. Taken to-form of NF186 at AIS.
gether, these results strongly suggest that neurofas-Neurofascin186 contains six immunoglobulin domains,
cin186, or a closely related L1CAM member, assembledthree fibronectin domains, and a mucin-like domain, fol-
by ankyrinG at AIS is the main determinant in pinceaulowed by the transmembrane and cytoplasmic domains.
synapse formation and/or stabilization. The reductionThe ligand binding activity is mediated by the extracellu-
of pinceau synapses was not due to AAV infection orlar domains (Volkmer et al. 1998), while the cytoplasmic
GFP expression, since infection of Purkinje neurons with adomain is both necessary and sufficient for ankyrinG
control AAV-GFP virus had no effect on pinceau synapsesbinding and recruitment to cell membrane (Zhang et
(and ankyrinG localization), even though GFP expres-al. 1998). We reasoned that an extracellular domain-
sion level appeared higher than that of NF(EC)-GFPdeleted form of neurofascin (NF[EC]-GFP, Figure 7E),
(Figures 7G and 7H). In addition, the same NF(EC)-GFPwhich retains ankyrinG binding and membrane expres-
construct under a cytomegalovirus (CMV) promoter wassion (Zhang et al. 1998), would disrupt and/or dissociate
electroporated into Purkinje neurons of P3–P5 mouseendogenous NF186-ankyrinG complex at AIS, interfere
pups, and the formation of pinceau synapses was as-ligand binding, and therefore function as a dominant
sayed at P21. The reduction in pinceau synapse forma-negative for pinceau synapse formation. Although an-
tion was nearly identical, as in AAV-NF(EC)-GFP-kyrinG also recruits other membrane proteins (such as
infected Purkinje cells (Supplemental Figure S2).voltage-gated sodium channels) through its four ANK
repeat domains, the ANK repeats involved in such inter-
actions are distinct from those involved with NF186 in- Normal Pinceau Synapse Formation in Mice
Deficient in NrCAM, L1, and CHL1teractions (Michaely and Bennett, 1995). NF(EC)-GFP,
containing the highly conserved FIGQY motif involved The L1CAM family includes three more members in addi-
tion to neurofascin: NrCAM, CHL1, and the foundingin ankyrin binding in all L1CAMs (Zhang et al., 1998),
should thus only interfere with L1CAM-ankyrinG interac- member L1 itself. To test whether these L1CAMs were
necessary for pinceau synapse formation, we analyzedtions.
An adeno-associated virus (AAV) expressing the the corresponding knockout mice, which are all viable
to adulthood. NrCAM was also thought to be localizedNF(EC)-GFP fusion gene was injected into cerebellum
of P3 mouse pups, and the formation of pinceau syn- at Purkinje AIS (Davis et al., 1996). NrCAM-deficient cer-
ebellum did not exhibit obvious histological defects, al-apses was assayed at P21 (Figure 7). NF(EC)-GFP ex-
pression was detected as early as P10 (data not shown), though a mild size reduction of several lobes was ob-
served (Sakurai et al., 2001). Using GAD65 labeling, welocalized to axons and soma, and formed small clusters
on dendritic shafts of Purkinje neurons at P21 (Figure did not detect any abnormality in basket cell innervation
at Purkinje soma and AIS (Figure 7J). It is possible that7A1). Importantly, ankyrinG was perfectly restricted to
AIS as in uninfected cells. NF186 may compensate the loss of NrCAM in directing
innervation at AIS. On the other hand, we have evidenceIn NF(EC)-GFP-infected Purkinje neurons, there was
an approximately 30% reduction of endogenous NF186 that NrCAM, although near and around Purkinje AIS, is
in fact not expressed on Purkinje axon membrane butsurface expression along AIS as assayed by intensities
of immunofluorescence (n  7, p  0.001). The intact rather on the closely juxtaposed Bergmann glia pro-
cesses (F.A. and Z.J.H., unpublished data).ankyrinG localization nonetheless seemed to retain a
somewhat less prominent NF186 gradient toward soma L1 is localized to premyelinated and unmyelinated
axons. These include Purkinje axons, but not AIS, before(Figure 7B2). However, NF186 was detected ectopically
formation (GAD65 and arrowheads in [H2] and [H3]) is intact compared to a neighboring control cell (star; quantified in [F]). (I–L) GAD65
labeling around Purkinje soma and pinceau synapses at AIS are normal in NrCAM/ (J), L1/ (K), and CHL1/ (N) mice when compared to
WT mice (I) and as quantified in (F). Scale bars, 10 m. (E) Structure of NF186. SP, signal peptide; half circles, Ig domain; yellow rectangle,
fibronectin domain; oval, mucin domain; ABD, ankyrin binding domain; and FIGQY, highly conserved motif in all L1CAMs. (F) Quantification
of pinceau synapse formation compared to “WT control”. In NF(EC)-GFP and GFP-infected cells, WT were neighboring uninfected Purkinje
cells. In knockout mice, WT were wild-type littermates.
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myelination (in the first two postnatal weeks), and gran- possible targets in a highly heterogeneous tissue? In
cerebellum, this specificity can not be explained by as-ule cell axons in the molecular layer. L1/ mice show
axon guidance errors, misoriented dendrites of neocorti- suming that a basket cell may contact and remain
attached to AIS of a Purkinje cells during migration,cal pyramidal neurons, enlarged ventricles, and learning
defects (Cohen et al., 1998; Dahme et al., 1997). How- since a single basket cell forms pinceau synpses with
up to ten Purkinje neurons that are hundreds of micronsever, we did not detect any abnormality in basket cell
innervation at Purkinje soma and AIS (Figure 7K). apart (Palay and Palay, 1974). In fact, there is no evi-
dence that cerebellar interneurons migrate along Pur-The fourth member of L1CAM, CHL1, has been local-
ized to the soma and dendritic domains of pyramidal and kinje axons, and we found that basket cells did not
remain attached to AIS of Purkinje cell when crossingPurkinje neurons (P. Maness, personal communication;
F.A. and Z.J.H., unpublished data). It is possible that the PCL (Figures 1E and 2G).
Using BAC transgenic mice, we find that the subcellu-CHL1 on Purkinje dendrites could repel basket axons
toward AIS. Although CHL1/-deficient mice show de- lar targeting of pinceau synapses is achieved through
multiple developmental steps; each sequentially and cu-fects in axon projection in the hippocampus and olfac-
tory system (Montag-Sallaz et al., 2002), we did not mulatively contributes to the final exquisite precision.
First, at the time when basket cells migrate into the PCLdetect any abnormality in basket cell innervation of Pur-
kinje soma and AIS (Figure 7L) in these mice. Therefore, and start to extend axons, these axons remain confined
within the rather thin PCL (Figure 1D). This suggests thewithin the L1CAM family, only NF186 is localized to Pur-
kinje AIS, and only the disruption of NF186 resulted in presence of repulsive cues and/or a lack of appropriate
substrate for basket axon growth in the adjacent molec-defects in pinceau synapse formation (Figure 7F).
Taken together, our results indicate that a subcellular ular layer. Second, basket axons seem to “preferentially”
contact Purkinje cell soma. This may or may not resultgradient of NF186 is a key mechanism in directing basket
axon terminals to Purkinje AIS and that the ankyrinG- from a choice of basket axons for Purkinje soma over
dendrites, since Purkinje dendrites at this stage are tiny,associated form of NF186 at AIS is necessary for pinceau
synapse formation or stabilization. with a length and surface area only a fraction of that of
the soma. Important perhaps, this initial landing of bas-
ket axon onto Purkinje soma may have significantly re-Discussion
duced the demand for specificity from three-dimen-
sional to essentially two-dimensional. Third, basketGABAergic transmission regulates neuronal excitability
terminals then selectively extend across the Purkinje(Porter et al., 2001; Swadlow, 2003; Tamas et al., 2000),
soma “down” toward AIS but not “up” toward dendrites,integration (Tamas et al., 2003), and plasticity (Huang
even though Purkinje dendrites expand dramatically intoet al., 1999; Knott et al., 2002) at precise spatial and
the molecular layer during the same period. This unam-temporal scales. The temporal precision of GABAergic
biguous directionality in basket axon extension sug-regulation may result in part from the spatial organiza-
gests the presence of molecular guidance cues alongtion of distinct classes of synapses along restricted sub-
Purkinje cell membrane. The particular sequence of cel-cellular compartments. Subcellular domain-restricted
lular events leading to innervation at AIS may differ inGABAergic innervation is a common property for large
different brain regions and may reflect the particularprojection neurons in mammalian CNS, but the underly-
developmental history of the pre- and postsynaptic neu-ing cellular and molecular mechanisms have been ob-
rons involved.scure. Our results suggest that subcellular synapse tar-
geting involves the localization and signaling of L1 family
cell adhesion molecules at appropriate membrane com- A Subcellular Gradient of Neurofascin Directs
partments of postsynaptic neurons. We discovered that Basket Axon Extension to Purkinje AIS
an isoform of neurofascin is distributed as a subcellular One of the best-characterized biological activities for
gradient along Purkinje cell AIS-soma-dendritic mem- neurofascin in vitro is mediation of neurite-neurite inter-
brane, which may direct basket axon terminal extension. actions, especially the extension of axons along axons
In addition, neurofascin186 assembled by the ankyrinG through heterophilic interaction with other IgCAMs
membrane adaptors is necessary for the formation/sta- (Rathjen et al., 1987; Volkmer et al., 1996, 1998). How-
bilization of a specific class of GABAergic synapses at ever, the in vivo relevance of this activity and the function
the Purkinje axon initial segment and may function as of neurofascin are unknown. Here, we provide the first
a candidate receptor for a ligand in the presynaptic axon quantitative measurement of NF186 subcellular localiza-
of basket interneurons. tion and demonstrate a striking membrane gradient
along AIS-soma membrane in developing as well as
mature Purkinje neurons. Such a subcellular gradientSequential Synapse Targeting to Axon
Initial Segments of growth substrate seems ideally positioned to direct
basket axon terminals from Purkinje soma to AIS duringAxon initial segments in large projection neurons, with
less than one micron in diameter and only tens of mi- the development of pinceau synapses. Indeed, in
ankyrinG/ mice in which the neurofascin gradient wascrons in length, are the site of initiation of regenerative
sodium spikes as well as the target of strong GABAergic abolished and its localization was expanded along Pur-
kinje axons, we observed two major defects in basket axoninhibition. The degree of the spatial precision for this
class of synaptic connection is striking as well as puz- growth. First, basket axons were mistarged to distal
locations and precisely followed the ectopic distributionzling: how do GABAergic axons reach and recognize
such a minute piece of cell membrane among all other of neurofascinon on a cell-by-cell basis. These results
Neurofascin and GABAergic Synapse Targeting
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Figure 8. A Model Depicting an AnkyrinG-
Dependent Neurofascin Subcellular Gradient
that Directs GABAergic Innervation at Pur-
kinje Cell Axon Initial Segment
In wild-type Purkinje cells, a subcellular gra-
dient of neurofascin along AIS-soma provides
a substrate as well as a directional cue for
basket axon extension from Purkinje soma to
AIS. On Purkinje soma, neurofascin is dis-
played in dimeric or monomeric forms with
low-affinity cell adhesion that supports axon
extension. At AIS and in association with
multivalent ankyrinG and 4-spectrin, highly
crosslinked oligomeric forms of neurofascin
support high-affinity cell adhesions, which
are permissive for or promote pinceau syn-
apse formation. In AnkyrinG-deficient Pur-
kinje cells, neurofascin gradient is abolished,
and neurofascin dimers are evenly distributed
along Purkinje axon-soma membrane. Bas-
ket axons are still able to grow on low-affinity
neurofascin substrate but have lost direction-
ality toward AIS. Those basket axons that do
reach AIS cannot form pinceau synapses in
the absence of the high-affinity, oligomeric
forms of neurofascin. In addition, they con-
tinue to grow, branch, and precisely follow
the ectopic distribution of neurofascin.
demonstrate that neurofascin mediates basket axon ex- serve as substrates for basket axon growth; increasing
neurofascin gradient directs growth cone extensiontension along Purkinje cells in vivo, even in the absence
of ankyrinG. Second, basket axons were scrambled from soma toward AIS but not pinceau synapse forma-
tion (Figure 8). Consistent with this notion, NF186 in thearound ankyrinG/ Purkinje soma; those basket axon
bundles that did reach Purkinje AIS were much reduced absence of ankyrinG has been shown to mediate axon
bundling and extension activity but not high-affinity cellin size, branched abnormally, and fused and even
crossed over to basket axons from neighboring Purkinje adhesion (Rathjen et al., 1987; Tuvia et al., 1997) in vitro.
At axon initial segment and in the presence of ankyr-cells. These defects are indicative of a profound loss
of direction in basket axon extension. Together, these inG, which has two neurofascin binding sites (Michaely
and Bennett, 1995), it would be possible to form linearresults suggest that the establishment of a subcellular
gradient of ankyrinG-free forms of NF186 provides both arrays of dimeric NF186 crosslinked by the multivalent
ankyrinG membrane binding domain (Tuvia et al., 1997).the growth substrate and a directional cue for targeting
of basket axon terminals from Purkinje soma to AIS. These multiprotein complexes are further immobilized
to the underling IV spectrin tetramer, which is also
specifically localized to AIS (Komada and Soriano,AnkyrinG-Associated Neurofascin and Formation
of Pinceau Synapses 2002), each with two binding sites for ankyrinG within
20 nm of each other (Davis and Bennett, 1984; Tyler etIn ankyrinG/ Purkinje cells, the reduction of pinceau
synapse formation was much more severe than that of al., 1979). Therefore, a spatially optimized cell adhesion
microdomain can be assembled at AIS as highly cross-basket axon growth, since basket axon bundles, al-
though much reduced in size, were still present on every linked NF186 oligomers, which may promote high-affin-
ity cell adhesion between basket terminals and PurkinjePurkinje AIS. This result suggests the additional require-
ment of ankyrinG for pinceau synapse formation. In Pur- axons and support pinceau synapse formation (Figure
8). Such a regulation of oligomeric states has been de-kinje cells expressing NF(EC)-GFP, ankyrinG localiza-
tion remained intact at AIS, but its associated oligomeric scribed for the regulation of cell segregation by neuro-
fascin in vitro (Tuvia et al., 1997) and for the ankyrinforms of NF186 are likely disrupted, as indicated by
ectopic appearance of NF186 on Purkinje dendrites. In binding anion exchanger protein AE1 in vivo (Yi et al.,
1997).addition, there was severe reduction of pinceau synapse
formation to nearly the same extent as in ankyrinG/ In ankyrinG/ Purkinje cells, oligomeric forms of neu-
rofascin could not be assembled at AIS. The monomericmice. We therefore suggest that ankyrinG-associated
forms of NF186 at axon initial segment are necessary and/or dimeric forms of neurofascin would be distrib-
uted evenly along the soma-AIS and expanded distallyfor pinceau synapse formation. At present, we cannot
distinguish the role of NF186 and ankyrinG in synapse along axon membrane. This would lead to undirected
and ectopic basket terminal extension and no pinceauformation versus stabilization.
NF186 has been shown to be capable of self-dimeriza- synapse formation. In Purkinje cells expressing domi-
nant-negative NF186, although overall membrane ex-tion (Tuvia et al., 1997). We propose that, on Purkinje soma,
in the absence of ankyrinG, monomeric and/or dimeric pression of NF186 did not appear to be grossly affected,
the binding of NF(EC)-GFP to ankyrinG is likely to dis-forms of NF186 mediate low-affinity cell interactions and
Cell
270
by PCR and confirmed by Southern blotting. All four transgenic linesrupt the oligomeric form of NF186 at AIS, as indicated
result in germline transmission. GFP expression was first analyzedby the displacement of NF186 to dendrites. A reduction
in fixed brain sections immunolabeled with antibodies to variousof the density and oligomeric form of NF186 again should
GABAergic interneuron markers: parvalbumin, somatostatin, calreti-
lead to much-reduced pinceau synapse formation. nin, VIP, and GAD67. In the cerebellum of line G42, nearly all parval-
bumin-positive basket and stellate cells expressed GFP. The onset
of GFP in interneurons started as early as P0 (the earliest age weAnkyrin-Based Subcellular Organization of Cell
observed), whereas the onset of GFP expression in Purkinje neuronsSurface: Coordinating Intracellular Signaling
occurred later, between P10 and P21, and it was highly variable
and Intercellular Connectivity from cell to cell.
Immunoglobulin cell adhesion molecules have been im-
plicated in diverse steps of neural development, includ- Fluorescence Measurement, Quantification,
ing cell migration, axon guidance, target recognition, and Correlate Analysis
synapse formation, and plasticity (Rougon et al., 2003), For pixel intensity quantification, image stack files from each geno-
type were analyzed blindly. Images were saved as TIFF files andbut their precise functions in defining the specificity of
analyzed with NIH Image software. The pixel value of neurofascinvarious aspects of synaptic connectivity remain largely
labeling along the axis was analyzed using the “plot profile” functionunclear. The Drosophila DSCAM proteins display strik-
of the NIH Image software. Data were then collected and analyzed
ing diversity through alternative splicing and have been with Excel software. The length of “AIS” in ankyrinG/ Purkinje
implicated in the axonal targeting of olfactory receptor neurons was taken from wild-type cells. For correlation analysis of
neurons (Hummel et al., 2003; Schmucker et al., 2000). NF186 basket axon localization along Purkinje axons (Figure 4),
image stacks (8–10 um thick) were selected for quantification ifIn vertebrate retina, sidekick proteins are involved in
the neurofascin fluorescence (red channel) could be unambiguouslydetermining lamina specificity of synaptic choices (Ya-
traced from Purkinje axon to soma. The soma-axon junction wasmagata et al., 2002). Another example is the SYG-1/
marked with a dot as the “starting point” for length measurement.
SYG-2 proteins, which specify the location of synapses The contrast was set to clearly separate signal from background in
along HSNL neurons in C. elegans (Shen et al., 2004). each channel, which was then separated and analyzed blindly. The
In all these cases, IgCAMs are involved in the selection of ends of red and green fluorescence along Purkinje axons were
clearly identifiable and were taken as the “ending point” of NF186synaptic partners among different cell types. Our results
and basket axons, respectively. The lengths of neurofascin andprovide, to our knowledge, the first demonstration that
basket axons defined by the starting and ending points were mea-an IgCAM is involved in specifying the subcellular com-
sured using LSM-510 software. Each cell was analyzed twice and
partment of synaptic connections. averaged. A plot correlation profile and correlation coefficient was
L1CAMs are the only subclass of IgCAMs known to obtained for each phenotype using Excel software. The difference
associate with the ankyrin-spectrin based membrane between basket axon and neurofascin localization along Pukinje
axon lengths was on average less than 1  0.8 m in all geno-skeletons, which localize them to defined subcellular
types analyzed.compartments. Ankyrin-based protein assembly at sub-
For quantification of pinceau synapses at AIS of Purkinje cells,cellular microdomains, which also include ion channels,
mean pixel intensity of GAD65 was measured using NIH Image soft-
anion exchangers, and Na/K ATPase, have been hypoth- ware. A predefined area for analysis of GAD65 at AIS was obtained
esized to facilitate efficient intracellular signaling (Ben- by averaging morphological features of GAD65 signals from more
nett and Baines, 2001). For example, the clustering of than 100 wild-type pinceau synapses. The mean area was then used
as region of interest (ROI) and applied for Purkinje cell in eachvoltage-gated Na channels at the axon initial segment
different genotype or for AAV transfected or electroporated Purkinjeis vital for initiating regenerative action potentials. Here,
cells. Each genotype was acquired separately and compared to thewe show that the same anykrin protein complex also
control experiment acquired on the same day under the same condi-
recruits GABAergic inhibition to AIS through L1CAMs, tions.
which likely suppress or regulate the generation of neu- Mutant Mice
ronal spiking. Therefore, ankyrins may coordinate the Mice with a targeted disruption of a cerebellar Purkinje cell-specific
form of ankyrinG have been described previously (Zhou et al., 1998).“subcellular alignment” of biophysical properties and
Fyn-deficient mice were obtained from JAX Mice (Stein et al., 1992).specific synaptic inputs along a principal neuron mem-
Mutant mice were bred to our G42 BAC transgenic mice, and com-brane. In addition, because one basket interneuron in-
pound mutants were identified by PCR. Fixed brain tissues from
nervates multiple Purkinje cells, our results suggest that NrCAM-, L1-, and CHL1-deficient mice were obtained from Dr. Gru-
the ankyrin-based subcellular organization of cell sur- met, Dr. Felsenfeld, and Dr. Schachner, respectively.
face may contribute to optimize intercellular signaling
within a neuronal network. Immunohistochemistry and Confocal Microscopy
Mice were anesthetized (sodium pentobarbitone, 6 mg/100 g body
weight) and transcardially perfused with 4% paraformaldehyde inExperimental Procedures
phosphate buffer (pH 7.4). Sagital sections (60 m thick) were cut
from the cerebellum using a vibratome (Leica VT100). Brain sectionsBAC Engineering and Transgenic Mice
See Supplemental Data for details. BAC clones containing the were blocked in 5% NGS and 0.3% Triton X-100 and immunostained
with antibodies against GAD65 (monoclonal antibody, 1:1000, Boer-mouse GAD67 genes were identified from the RPCI-23 library (Re-
search Genetics). A BAC clone containing the entire gene and ap- inger), GFP (rabbit or chicken polyclonal antibody, 1:500, Chemicon),
parvalbumin (monoclonal antibody, 1:1000, Sigma), HCN1 (rabbitproximately 60 kb of upstream and downstream regions was used
for BAC modifications. GFP expression cassettes were inserted in polyclonal antibody, 1:500, Alomon Lab), MAP2 (monoclonal antibody,
1:500, Chemicon), calbindin (rabbit polyclonal antibody, 1:1000, Swant),the first coding exon at the translation initiation site of the gene of
interest using a procedure developed by Yang et al. (1997). and ankyrinG and neurofascin (rabbit polyclonal antibody, 1:1000,
(previously described [Davis et al., 1996]). Sections were incubatedBAC Transgenic Mice
Circular BAC DNAs were injected into the fertilized eggs of the with either Alexa594-conjugated goat anti-mouse or anti-rabbit IgG
and Alexa488-conjugated goat anti-rabbit or anti-chicken IgG (Mo-C57BL/6 strain at a concentration of 0.5 ng/l in microinjection
buffer (10 mM Tris [pH 7.4], 0.15 mM EDTA [pH 8.0]) using standard lecular Probes, Eugene, OR; 1: 500) and mounted. For quantification,
sections were treated in the same way, followed by immunostainingprocedures. Out of 48 pups, four transgenic founders were identified
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with neurofascin. Section were analyzed under a 63 water immer- the concept of functional differences between the forms. J. Neu-
rosci. 14, 1834–1855.sion objective (Zeiss) using a confocal microscope (Zeiss LSM510).
Scans from each channel were collected in multiple tracks mode Freund, T.F., and Buzsaki, G. (1996). Interneurons of the hippocam-
and subsequently merged. Care was taken to use the lowest laser pus. Hippocampus 6, 347–470.
power, and no bleedthrough is visible between Alexa594 and Greif, K.F., Erlander, M.G., Tillakaratne, N.J., and Tobin, A.J. (1991).
Alexa488 channels. Postnatal expression of glutamate decarboxylases in developing
rat cerebellum. Neurochem. Res. 16, 235–242.
Virus Construction and Injection
Heintz, N., De Felipe, J., Marco, P., Fairen, A., and Jones, E.G. (2001).NF(EC)-GFP (Zhang et al. 1998) was cloned into the AAV vector
BAC to the future: the use of bac transgenic mice for neurosciencepCMV-MCS (Stratagene), and AAVs were prepared by VIRAPUR
research. Nat. Rev. Neurosci. 2, 861–870.(San-Diego) at 10–12 virus particles per ml. The AAV-GFP virus was
Huang, Z.J., Kirkwood, A., Pizzorusso, T., Porciatti, V., Morales, B.,a gift from Brian Kaspar (Salk Institute). Both constructs were under
Bear, M.F., Maffei, L., and Tonegawa, S. (1999). BDNF regulates thethe control of the human immediate early CMV. For cerebellar injec-
maturation of inhibition and the critical period of plasticity in mousetions, we anesthetized P3 pups with ketamine (0.56 mg/g; xylazine,
visual cortex. Cell 98, 739–755.0.03 mg/gm body weight). After incision of the skin overlying the
skull, a small hole was made directly over the left hemisphere of Hummel, T., Vasconcelos, M.L., Clemens, J.C., Fishilevich, Y., Voss-
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